The research aims to model wine producer behavior and to assess the effectiveness of policies to reduce pesticide use in winegrape growing. We model the decision of a producer maximizing expected income under constraints and phytosanitary risk, considering the impacts of different strategies targeting downy mildew, the main grape disease in European Atlantic vineyards. The VINEPA model is a multiperiodic stochastic programming model based on panel-data of about one hundred representative winegrowing farms from the Farm Accountancy Data Network in the Bordeaux region. The response of vine to fungicide treatments against downy mildew is simulated through Downy Mildew Potential System, an epidemiologic model initially developed for decision support, using data from multiple weather stations and untreated vine plots weekly monitored over a ten years period. The model accurately reproduces the current chemical protection strategies in the region. Simulations are then carried out for different types of taxes (ad valorem and volume based), with increasing rates. Effects of policies on spraying practices are analyzed along with their potential impact on investment in precision technology equipment. Shortcomings and further developments with applications of the VINEPA model are discussed.
Introduction
Pesticides are the main inputs for crop protection in modern, intensive viticulture in Europe and the world. Although chemical protection has sustained increased and stable production, the intensive use of pesticides has contributed to the impoverishment of biodiversity, increasing levels of residues in surface and ground waters, risks to human health (direct or professional exposure, and indirect exposure from residues in food and water), atmospheric pollution by air-borne pesticides and long-term effects on soil micro-organisms. Development of resistance to pesticides by the adaptation of pest populations has been accelerating as well. Viticulture has on average the most intensive use of pesticides amongst other agricultural activities in term of mass of active substances per unit area (Eurostat, 2007) . Chemical control of downy (Plasmopara viticola) and powdery (Erysiphe necator) mildews represent about 80% of pesticide consumption in the French vineyard, which represents itself 3% of cultivated surfaces but 30% of the French chemical inputs. As a number of other countries, France is now experimenting with a governmental pesticide reduction program, with a target of 50% reduction in tonnage between 2008 and 2018 (Baschet and Pingault, 2009) . Reducing pesticides in viticulture has to face many challenges and bottlenecks. Viticulture is very diverse in terms of production orientation and grapevine varieties, growing conditions such as climates, soils and disease pressure. Nevertheless, major diseases (downy mildew, powdery mildew, grey rot and wood diseases) are shared by most vineyards, even though with regional variation in intensity. Downy mildew constitutes a problem for the loss of grape quantity, while some diseases such as grey rot may also cause off-flavours. The use of pesticides should then prevent farmers of facing such risks resulting in potential yield and income loss. Besides, the introduction of registered resistant vine varieties should fit the legal framework; for European PDO 1 wines, specific vine varieties are required and thus make the introduction of resistant varieties impossible in the medium term (Aubertot et al., 2005) . Furthermore, adoption of environmental friendly practices is not straightforward and needs technical backing. The use of decision support systems can convey better spraying practices (Léger et al., 2010) , but requires a lot of information at local and regional scale (e.g. weather conditions, epidemics). Precision farming technology such as low spray drift equipment, variable rate dosing, remote sensing and information technology could help make pesticide application more efficient by minimising their release into the environment, by reducing application rate and consequently application costs and lessening human exposure (Arnó et al., 2009; Tisseire et al., 2007) . Besides the investment cost barrier, technical innovation may however require continuous vineyards with minimum acreage that may hinder farmer's adoption (like in the Champagne or Burgundy, regions with small vine plots) or require strong cooperation between neighbour winegrowers.
The objective of the work is twofold: first to model farmers' choice in applying fungicides against downy mildew, and second to evaluate the impacts of public policies in promoting the reduction of pesticide use and eventually the adoption of new crop protection technology. The structure of the paper is organised as follows. Section 2 presents the bio-economic framework, the modelling approach and the VINEPA farmlevel model. In section 3, we introduce the linkages with the epidemiological model Downy Mildew Potential System (DMPS) and how the huge information from DMPS is reduced with statistical analysis, in order to represent biological risk. In section 4, we detail the different stochastic models we used, the panel data of winegrowing farms being described in section 5. Model outcomes are presented in section 6, while section 7 examine the effects of taxes, to identify the possible trade-offs between the reduction of pesticide applications and farmer income. Section 8 concludes.
Model formulation
Crop protection requires decision to be made at times when the outcomes of decisions are not known, as with numerous farm management practices and investment choices (Rae, 1994 ). The problem can be then stated in term of decision theory, involving the maximization of any criteria (income or utility), the specification of possible actions and their associated states of nature probabilities. Since mathematical programming models are able to capture the core decision-making processes and have the ability to link economic elements with ecological and biophysical ones, they are widely used in agricultural production modelling (Buysse et al., 2007) . Moreover, optimization techniques are relevant for analysis of investment and farm practice changes, because of the possibility it offers decision makers to substitute alternative strategies (Hazell and Norton, 1986) . Mathematical programming methods have been used for assessing incentives and taxes for pesticide use reduction by Hodge (2000, 2001) : the authors examine the complexity associated with policy design in term of environmental damage and farmers' income for arable land in the United Kingdom. However, in the literature, the assessment of economic instruments aiming at pesticide reduction is commonly carried out though econometric approaches. Econometric models have the advantage to provide measures of uncertainty derived directly from statistical inference, rather than requiring sensitivity analysis. In a recent paper, Skevas et al. (2012) interrogate the use of policies targeting the reduction of pesticide use by assessing the effectiveness of different economic instruments. The authors applied a simulation model on a data panel of Dutch cash crop farms. Their main findings are that even high taxes and penalties would result only in a small decrease in pesticide use and that a differentiated tax based on toxicity would not lead to substitution of high with low toxicity pesticides. They found out that quotas are more effective in reducing pesticide use. Although econometrics is effective in overcoming specific relationships, data availability remains however a real obstacle to such approaches. Mathematical programming approaches have advantages over the econometric model when policy requiring analysis has no historical precedent or if projection from past data is not possible. To our knowledge, Leroy et al. (2010) provides the first bioeconomic model of vineyard protection against downy mildew, allowing assessing policies aiming at reducing fungicide use. Ugaglia (2011) has developed an evolutionary model to show that integrated pest management could significantly reduce fungicide use in French viticulture, when integrating learning processes. Farm-level programming models has been developed to assess the choices between chemical and mechanical weeding (Louchart et al., 2000) .
Stochastic model is appropriate when data evolve over time and decisions need to be made prior to observing the entire data stream. Since Rae's seminal papers (Rae, 1971a (Rae, , 1971b , Discrete Stochastic Programming or DSP (Aplan and Hauer, 1993; Birge and Louveaux, 1997) has been widely used in the field of agricultural economics. Farmer's response to climatic uncertainty has deserved specific attention (Cortignani, 2010; Kingwell et al., 1993; Maatman et al., 2002 ).
The VINEPA model (Vineyard model for Environmental Policy Analysis) is a multi-periodic DSP model. Wine producers maximise income by deciding, first each year when and how many times to apply or not pesticides and, second, over a longer period whether or not to invest in precision technology equipment (starting from standard technology). Investment in different types of technology is considered in the decision framework: this way, the choice of equipment impact pesticide use and farm income through variable inputs and fixed capital costs. Multiperiodic formulation is thus needed for investment that can be carried out either by cash or borrowing, depending on farmer saving balance. In a previous development of the model (Souville, 2010) , only two broad grape protection strategies were considered: systematic application (based on calendar), and supervised control (based on disease monitoring). A clearcut differentiation of these two strategies is however not straightforward, and there is a lack of reliable data on their costs and benefits. Moreover, most French winegrowers actually follow some kind of supervised control strategy (INRA, 2010) . To control downy mildew, decision is then modelled based on the opportunity to apply or not a treatment, on the choice of a certain type of fungicide, contact or systemic 2 , and on the active ingredient 3 . The VINEPA model fits better with producers' real decision making, by taking into account the type of fungicide and the number of applications during a growing season (fig 1) .
Fig 1. Sequence of fungicide applications targeting downy mildew considered in VINEPA
The yield response of vine to fungicide treatments against downy mildew is simulated through Downy Mildew Potential System (DMPS), an epidemiologic model developed by researchers for extension service, using parameters from multiple weather stations (WS) and untreated vine plots weekly monitored over a ten years period (see §3). Thanks to the outputs of this model, random relations between yield losses, the number of treatments and the type of fungicide can be defined. For other diseases such as grape powdery mildew, grey rot (Botritys cinerea) or pests such as grapevine moths (Cochylis, Eudemis and Eulia) only the average practices in the Bordeaux vineyard are considered. Against moths, two strategies can be applied, one with one insecticide application (one active ingredient) and another using pheromones for sexual confusion. For weeding, decision could be made between chemical weeding (two applications per season) and mechanical weeding (vine-row management and two interventions per season). In addition, for aerial spraying applications, farms could use their standard spraying equipment or decide to invest in precision system technologies 4 . Decision tree for crop protection is summarized in Fig 2. In case of mechanical weeding, only machinery cost per hectare is considered (no purchasing) as such equipment is usually available on farms. For precision technology however, the purchase cost of the material as well as the amount of pesticide savings will impact costs and farm income.
The decision variables are the following:
Technical variables -Choice of the type of fungicide (p), contact (p 0 ) or systemic (p 1 ) 5 . -Number of treatments (n): for each fungicide treatment against downy mildew, a grape yield response function allows to assess the rate of grape yield spared 2 Contact fungicides remaining on the outside of the plant protect the plant from new infections only for a short period (7 days) because of new leaves growth and exposure to the environment (rain, ultraviolet light). Such fungicides are usually used for the first and late treatments when Copper is often preferred (Fig 2) . Systemic fungicides form a protective barrier on the plant, permeate into the plant and move upward and downward in the plant; they have thus a protective activity including new growth guaranteeing efficient protection for two weeks (14 days) maximum. 3 The number of active substances has been limited to the most used ingredient within the Bordeaux vineyard. 4 Herbicides have been discriminated from other pesticides as they are not applied with the same equipment than the ones used for spraying the canopy. Herbicides therefore are not concerned with reduction of the application rate. The base price is computed from theoretical wine yield (hectolitres) and the gross value of production (euros) of the different vine outputs (wine in bulk and bottle, fresh grapes, musts, and by-products, e.g. pomace and lee). 7 In assessing sustainable farming technology, capital budgeting studies concentrate on farm size and profitability thresholds, whereas economics reveal how important are farmer individual characteristics, training, risk and uncertainty (Adrian et al., 2005; Greiner et al, 2009; Marra et al., 2003) . Risk may be linked to the new technology as the new equipment may not have the expected maximum effectiveness. Its expected performance is considered to be distributed around an average value (cf technical references further) although real performance is actually unknown by the farmer. The performance of the PT equipment is assumed to follow a distribution formalized in three classes marked out by the first and third quartiles. Thus low and high levels of performance have a probability of 25% and 
Contact fungicide (p0)
• Metiram -Zn
Grape powdery mildiew Systemic fungicide (p1)
Costs of chemical treatments other than fungicides (grapevine moths, weeding) Annual repayment with borrowing rate if purchase is made by a loan and cost of equipment if purchase by cash Repair and maintenance costs related to equipment used set at 10% of the purchase price Savings set at the beginning of the year and valued by a saving rate at the beginning of the following year
Moreover, in the context of the French wine industry, producers of entry-level wines, which account for the majority or farms in Bordeaux, have often few financial reserves. It is therefore important to take into account the financial constraints of producers. Consequently, a financial constraint in the model is introduced as follows:
Equipment payment (e) < available cash (t)
This constraint is a cash constraint when purchase of the equipment is made from farm equity capital. Cash availability depends on the farm's savings and the household consumption of the year (18,000 EUR per family labour; set in reference to qualified farm worker wage in 2006).
In order to analyze investment with all the specifics and to study subsequently the impact of different policies, the VINEPA model is a dynamic multi-periodic model. Decisions and income of the year will therefore influence the initial data in year t+1. Moreover as income should be updated each year, the incomes of each year are brought to the same basis using a discount rate. Discounting allow to turn future values to present values, taking into account the preference for immediate satisfaction.
The epidemiologic model
Downy and powdery mildews can cause total losses of vine production (leaves and grapes) according to climatic conditions and epidemic pressure. Contamination phases are not visible and chemical protection is very often too late when applied on declared symptoms. Moreover, exponential increase between two contaminations obliges the vine grower to apply preventive treatments offering that way insurance of a much better efficacy than curative ones which need to be applied as soon as possible after an effective contamination and have no efficacy anymore when applied later than 3 to 4 days after contaminations. Because of the characteristics of the epidemic propagation a great amount of treatments is needed to insure the vine production safety: not less than 5 treatments are usually necessary on continental dry vineyards to 10 or more on Atlantic side or Northern one. However, in some cases, heavy rainy events do not provide any contamination as the inoculum needs to be present, mature and ready to germinate in great proportion to induce an epidemic start.
Downy Mildew Potential System (DMPS)
Since the beginning of the 90's, French Vine and Wine institute (IFV) has been working on the "Potentiel Systèmes" models developed by SESMA Company (Strizyk, 1994; Raynal, 1994 . These models are weekly used since the 2001 year to evaluate risks of epidemics which are forecasted on the winegrower's professional website of Bordeaux. The DMPS model information is permanently compared to weekly monitoring of untreated plots network displayed on the vineyard, in order to control the reliability of the advisements delivered to the wine makers. Figure 3 shows the great diversity of level of attack simulated by DMPS model on the Bordeaux vineyard for the past 5 years at bunch close stage on the last decade of July. It also shows the good correspondence level with the real incidence of the disease monitored on the untreated plot network, 10 to 15 days later, after incubation period, at the beginning of august and close to ripening stage. The model principle is based on the adaptation of downy mildew on local climatic conditions. Parameterisation is such based on a local chronic of meteorological data that ensures the adaptation of the model at a vineyard scale on a priori climatically homogeneous area.
the average level a probability of 50%. This level of performance is considered to remain the same between years of the simulation period. Although training plays a great role in the adopting of a new technology (Sunding and Zilberman, 2001) , we consider that skills are immediate without any additional costs.
For the present study, the model has been run on 26 weather stations (WS) scattered within the Bordeaux vineyard and available during the period from 2001 to 2011 (Fig 7) . For each simulated year, the DMPS model provides different information such as the estimated level of destruction caused by downy mildew for each infection event identified on rainfalls. This level of infection is shown on the figure 4 as the theoretical incidence of attack. The efficiency of total or partial chemical program can then be assessed according to the spraying period, efficacy level of the treatment (95%) and lasting of the protection (7 days), in regard with the amount of destruction caused for each 
Analysis of epidemiological model's outcomes
Because of the large number of information available from the DMPS model's outputs for the 26 WS over the 12 years' period, a preliminary data analysis has been carried out (Rouire, 2012) . The risk of a yield loss depends simultaneously of the location of farms (in relation to the location of the WS), of the year and of the number of treatments applied. Because of the difficulty to simultaneously analyse these three variables, a first analysis of the variability of risk has been performed on two variables, while setting the third one. Given a year, the analysis on WS and treatments allows to distinguish WS with different epidemiologic profiles and on the opposite, to observe similar weather stations. Setting the WS variable allows to distinguish whether fungicides treatments have different effects according to the year. For analysing the effect of the 3 variables affecting yield loss, we carried out different analyses of variance (ANOVA) 8 . In order to know if the WS, the treatment and the interaction of these two factors have an effect on the yield variable, two-way ANOVA and repetitions was carried out. From the Fischer tests, conclusion could be driven that yield loss are significantly different depending of the WS. Contrast method has been performed also to compare stations each other; outcomes has revealed that all stations are not significantly different and thus could be regrouped through classification. For the year factor, yields are calculated many times on the same WS sequentially at different moment (every year). Because condition of independent factors is no more verified ANOVA with two factors with repeated measurements on the two factors (treatments and year) was carried out. Fisher tests demonstrated that years and treatments affect yields with an interaction between years and treatments. From this analysis, we can conclude that levels of epidemic pressure are very different according to the year and this, whatever the station. Therefore, average values could not be calculated but finding group of years with similar epidemic pressure could help however ease the model formulation. Using R (Hudson, F et al. 2010 ), we applied factor analytic techniques (Principal Component Analysis) to detect structure in the relationships between variables, to classify variables and then to group similar years and WS (Joining Tree Clustering). Clustering was first applied on WS for each year. Even if some WS are closed whatever the years considered (often relating to their geographical location, but not always), some WS groups differ anyhow according to the years Because of this variability, it was not possible to assert that farms linked with these WS have similar yields whatever the year. Clustering was then applied on years for each WS, revealing years' groups characterized by similar epidemiologic pressure. For the 27 WS, groups remain almost the same and we finally retained three groups of years: group1 represented by 2007 alone, group2 (2000, 2008, 2009) and group 3 (2001, 2002, 2003, 2004, 2005, 2006, 2010, 2011) . Consequently, these 3 groups have been used in modelling with their corresponding occurrence probabilities (Fig. 5) . 
The Stochastic discrete model

Scenarios
The problem the winegrower has to face is to choose, given the epidemiologic pressure of the year, the number of treatments to apply during the growth period and their dates. In the VINEPA model, the random parameter considered is the level of epidemiologic pressure relating to downy mildew only. Thanks to the DMPS model outputs, we have information about the theoretic rate of yield obtained according to the number of treatments with their dates of application over a of twelve years period. We consider that each observed climatic year is equally probable with a probability of 1/12. We have then 12 possible observations related to the epidemiologic pressure. The disadvantage of the approach by scenarios is that the size of VINEPA model exponentially grows with the number of random events and years of simulation. Actually, a simulation on 5 years provides 12 5 = 248832 scenarios. In order to simplify the model, we reduced the scenarios number thanks to the data analysis presented before. We grouped similar years regarding the epidemiologic pressure into the three homogeneous groups (with probabilities of 1/12, 3/12 and 8/12) and reduced this way the number of scenarios from 248832 to 3 5 = 243.
Implemented models
The difficulty of the problem is to model at best the behavior of the winegrowers in order to analyze subsequently the effects of economic instruments of public policies. This complexity is due particularly to the uncertain environment in which the winegrower makes his choice for plant protection. Thus, several variants of the model have been implemented in GAMS (Brooke et al.1988 ) and solved using different solvers (Dicopt, Conopt3, Cplex). All these variants are non-linear models. There is no recourse as the decision maker must choose values for the decision variables before any of the random variables are realized. Theoretical work on risk management defines risk as the uncertainty of events (weather, epidemics or prices) and hence consequences (production levels, income) are uncertain. A set of values for uncertain events can be called a state of nature that as a corresponding probability of occurrence. The objective of the VINEPA model is to maximize the total income of a winegrower over several years. The easiest way to solve this problem is to replace the random parameter by its expected value. Thus, this model (presented in appendix 1) provides the optimal solution that a grower would adopt if he seeks to maximize only the expected revenue. However, taking the expectation of random data, the optimal solution may be very bad in case of certain scenarios. This model however allows to have an overall idea of the best average solution that is not certainly the solution that a grower would prefer.
Worst and Best cases
To limit this problem, we carried out simulations of the VINEPA model in the Worst and Best of cases. Modeling the problem in the worst of cases scenario allows to know the number of growers who will invest in the pessimistic perspective and what will be the of treatment strategy if nature will do her worst by selecting the state of nature that minimizes the farmer income. In robust optimization this problem is also called "Maximin Criterion". The optimal solution of this model is to select the program that has the maximum outcome under the worst (minimum) state of nature. That is to find such that is minimum where is the value of the solution for the scenario, and is the optimal value for the scenario. Income obtained is thus a lower bound on the objective. In the Best-case, we obtain an upper bound on the income since the objective function is such that .
Wait and see approach
The "Wait-and-See" approach assumes that the decision maker have an information on the realization of the random variables before any decisions have to be made. Hence, it is possible for each scenario to find an optimal solution as if the parameters were distributed in a deterministic way according to that scenario. The expected value of these solutions can then be computed. This approach provides information about what would be the optimal decisions for winegrowers if they had a perfect knowledge of the epidemic pressure. This approach however is not appropriate to model reality although the increasing number of decision supports tools developed to predict risk of epidemics.
Mean-Standard deviation model
In order to model more realistically preferences of growers we used the mean-standard deviation approach (Hazell and Norton, 1986; McCarl and Spreen, 1997) , an extension of Freund-Markowitz meanvariance model that has several applications in bio economic modeling (Louhichi et al., 2010a (Louhichi et al., , 2010b . Many studies in literature can be found showing that farmers are generally risk adverse (OECD, 2009). They thus would prefer a lower expected income but more secure than a higher expected income but with a higher variability. To solve this problem, many methods have been developed. There are many ways in which risk has been incorporated into mathematical programming models (QRP, MOTAD, target-MOTAD, Chance constraints...). These different approaches are discussed in detail in Apland and Hauer (1993) . All these approaches aim to describe at best the attitude of farmers coping with random events. Among all these approaches, the concept of the utility function is the most common. It implies that a risk adverse agent will prefer an expected with certainty result to a fair lottery. Different utility functions can be found in the literature for translating farmers preferences. Therefore, instead of maximizing the expected revenue, we seek to maximize expected utility, i.e. expectation of . We have incorporated risk aversion to winegrowers' objective function in the VINEPA model that becomes then:
where is the income, the expected income, a risk aversion 9 coefficient and σ Y the standard deviation of income. The expected income ( ) is calculated from the expected value model. The standard deviation depends on different scenarios. income is obtained for a given scenario s. Then:
Data
VINEPA is based on a panel-data of 105 representative winegrowing farms from the Farm Accountancy Data Network (FADN) of the Bordeaux region for structural, economic and financial information (Agreste 2003 (Agreste -2007 . Figure 6 gives an overview of all the other data used and their sources. These data within the Bordeaux vineyard show a large disparity between sub-regions of Bordeaux and within these regions between farms with a large dispersion on cash flow, profit and valuation price (table 1 in appendix 2). For this reason, the model is applied on each individual farm of the panel. Negative cash flows of several farms reflect the current crisis of the wine sector. Because the French FADN neither report agricultural practices nor differentiate pesticide expenditures by active ingredient or by categories of pesticides (herbicides, fungicides, insecticides), data on pesticides could not be used from this source. As a result, information on empirical application rates, active ingredients and commercial products used by farmers has been extracted from the wine grape cultural practices survey conducted in 2006 by the Ministry for Agriculture on 5,216 vineyard plots (670 plots in Bordeaux) (Agreste, 2006) .
Because of limitations on yield from PDO regulations and eventually winegrower's quality objectives, we took as target yield the average quantity of wine produced over the five years (2003) (2004) (2005) (2006) (2007) with the average price over these years. Linkage between farms from the data sample and the WS is based on the shortest geographical distance. The data base used for recommended application rates and the costs of inputs has been compiled by INRA Montpellier from Bonet et al. (2006) . Source and description of data are detailed in table 3 in appendix 2. Wine farms have been gathered at the local scale by sub-regions of Bordeaux such as Médoc, Pomerol-Saint-Emilion, Graves, etc. Groups have been occasionally merged when the number of farms within an indication was too small. Within these areas, growers have comparable production systems (grape cultivars, vine density, yield, trellising system …) and face similar pests and climatic environment. Therefore it made sense to calculate average application rates by area. Compared to farm income, cost of pesticides inputs is proportionally low (700 €/ha on average) with almost the half dedicated to prevent downy mildew (table 2). Sprayings against Downy and powdery mildews are often combined (2 on 3 applications) resulting on average in 10.3 runs and 16.7 applications 10 within the Bordeaux region.
9 Set as 1 10 Application of different products:1 run with 2 different products = 2 applications 
Technical references for precision equipment
The costs and benefits of new technologies in precision viticulture (particularly for pesticide spraying) have been extensively studied and recently completed with field-oriented studies such as the AWARE (Ruelle and De Rudnicki 2009), OPTIDOSE (Davy and Heinzlé, 2009 ) and OPTIPULVE projects (Heinzlé et al., 2010) . For assessing investment choice, are considered five precision spraying equipments named B, C-, C, C+ and D. Readers could refer to Lescot et al. (2011) for further information on the precision technology equipment. Choice A refers to the decision not to invest in precision equipment and keep using standard technology. 
Results
The model accurately reproduces the current chemical protection strategies observed in 2010 (Agreste, 2010) with on average of 8-9 applications against Downy mildew. Preference is given to systemic fungicides for all the models (Fig.8) .
Fig 8.
Models outcomes regarding the number of applications against Downy mildew (standard spraying equipment)
Environmental policy
Different environmental policies could channel reducing the use of pesticides in agriculture and their instruments can be divided into six groups: regulation, information-persuasion-awareness, technological and institutional change, bilateral arrangements, market-based instruments, and private law instruments. The VINEPA model has been developing for evaluating the economic and environmental effects of market-based incentives (taxes and targeted subsidies) in promoting pesticides use reduction and technological changes, i.e. the shifting from standard to green technology. Because of space constraint, we limit our presentation of results to taxes, and their effect on management practices (reduction of pesticide use, choice in type of pesticides) and on the choice for precision equipment. A longer presentation of the model's outputs with effects of taxes on income and the environmental impact assessed through agri-environmental indicators 11 will be the matter of a forthcoming paper.
Tax on pesticides
The policy objective of a tax is to influence winegrowers' use of pesticides and to reduce their total consumption. Most ex ante analyses of the regulation of pesticides conclude that taxes can be an effective way of inducing reductions in use. However the design of a tax (e.g. ad valorem or volume-based) may play a role in determining its effectiveness. For ad valorem taxes, the charge basis can be the retail price or the price of active ingredients, with a similar or not tax rate for the various ingredients irrespective or not of possible environmental hazard.
11 Quantity of active ingredient, Treatment Frequency Index, and Environmental Impact Quotient In 1996, Denmark has launched an ambitious ad valorem tax on pesticides (PAN, 2005) . The tax based on the maximum retailed price was differentiated across different pesticides (with herbicides and fungicides charged at a rate of 34% and insecticides 54%). Pesticide use has been actually reduced following taxes introduction but many questions remained concerning the degree to which the price incentive has altered pesticide use and how and the role of this mechanism relative to other measures of the action plan (Hoevenagel et al., 1999) . Today, Denmark is restructuring its tax system so that the pesticides most harmful to health and the environment will be subject to the highest taxes, whilst less harmful plant protection products subject to relatively lower taxes. Based on the environmental and human hazards defined by toxicity classes 12 , a tax on the active ingredients has been set by the Water Law in France (Loi n°2006-1772) and is collected on pesticides retailers by regional public bodies since 2008. In 2010, the tax is 5.1 EUR per kg for category I, 2.0 EUR for category II, 0.9 EUR for category III, and zero for category IV.
However, the potential impact of a tax depends heavily on the substitution 13 or complementary 14 effect between the pesticides used for downy mildew. For assessing effects of taxes, it is assumed that active ingredients are substitutes of each other rather than complements. The main effects expected from taxes are the following:
-changes in the number of treatments applied depending of the type of action (contact and systemic), -change in the use of active ingredients, -change in pesticide costs depending on the change in the use of pesticides and the rate of the tax, -change in total costs (depending on the pesticide costs and the cost-share of pesticides), -change in revenues and gross margin, -change in spraying equipments (from present standard to precision technology).
These aforementioned two types of taxes (ad valorem and volume-based) with different rates have been assessed in term of their impact on pesticide use and on the adoption of precision equipment to spray fungicides and insecticides. For the ad valorem tax type, we evaluate two different tax rates (50% and 100% of the retail price), similar for the various ingredients irrespective of toxicity. For the volume-based tax type, we evaluate different level of tax rates (from 3 times, up to 16 times the present level). Table 5 gives an overview of the scenarios appraised with their related rates.
Impacts on pesticides use and spraying applications
In first series of scenarios, we consider that farmers use their standard spraying equipment and do not have access to precision technology. Increasing the level of taxes result in a slight reduction in fungicide applications (about one treatment per year), highlighting the inelasticity of demand in relation with prices. High taxes rates are needed for these changes. Outcomes by tax types are detailed according to the approach used in the following. 12 There are four categories according to the Law: category I (toxic, very toxic, carcinogenic, mutagenic or toxic for reproduction), category II (Harmful for the environment), category III (Mineral substances harmful for the environment) and category IV (other active substances). 13 In the case of substitution, a higher tax on one active ingredient will make another active ingredient relatively cheaper and more attractive. This will have a positive impact on the effects of a differentiated tax. 14 There is complementary when the use of one pesticide has a clear connection with the use of another pesticide (particularly pesticides including two or more active ingredients like systemic fungicides usually applied against downy mildew). In this case, tax on active ingredients may have only little impact.
Differentiated
Present ( 
Ad-valorem tax Borderline models
In these two cases, there is a decrease of the number of spraying applications, whatever the types of fungicides. This reduction is however more significant for the best of cases stressing margins to reduce pesticide use for this case. Reduction is much more significant with the highest tax rate. The shift ranges from 9.2 to 8.7 (-6%) for a 50% tax rate and for the worst of cases; for the best of cases, the reduction is -19% (from 6.2 to 5.0). With a 100% tax, pesticide use is reduced even more, approximately two times lower. Reduction is -12% (worst of cases) and 36% (best of cases) Approximate models We note a similar impact as for the worst of cases with a reduction of treatments of roughly -8% with a 50% tax rate and -16% with a100%tax rate. There is no shift between types of fungicide.
Wait and see
The relative decrease of the number of treatments (-11% for a 50% tax rate and -20% for a 100%tax rate) is slightly higher than the reduction reached with other models (except the best of cases). Table 6a . Average number of applications with different rates for an ad valorem tax (precision technology not considered) Table 6b . Average number of applications with different rates for a volume based tax (precision technology not considered)
Volume based tax
Borderline models In these cases, there are no real changes of spraying practices. A slight reduction is gained for the highest tax rates (from -4% to -9% depending of the model considered), more limited for the best of cases model. For this best of cases model, when the tax rate increases, preference is progressively given to contact fungicides and particularly Metiram-Zn, fungicide with toxicity in class4 and therefore not charged).
Approximate models
Results are similar to those of the borderline models, with only a small decrease for the highest rates. The gradual reduction ranges from -1% to -9% .When we compare the results for the two formulations of the Worst of cases 2,8 6,4 9,2 2,8 6,3 9,1 -0,01 2,7 6,3 9,0 -0,01 2,7 6,3 9,0 -0,02 Best of cases 2,3 3,7 6,1 2,5 3,5 6,0 -0,01 3,0 3,2 6,1 0,01 3,1 3,0 6,1 0,00 E(Y) 2,4 6,4 8,7 2,4 6,3 8,7 -0,01 2,3 6,2 8,5 -0,02 2,2 6,2 8,4 -0,04 E(U(Y)) 2,6 6,5 9,1 2,6 6,4 9,0 -0,01 2,5 6,4 8,9 -0,02 2,4 6,3 8, 
Wait and see
There is a similar very small reduction of sprays (ranging from -1% to 4%) following the increase of the tax rate. Progressive shift from systemic to contact fungicides is similar to the best of cases model. This change is not observed for the other models.
Potential impact on the adoption of precision viticulture equipment
In the previous results, potential investment in fixed-capital was not considered, with pesticide treatments being applied by constant standard spraying technology. However, since the late 2000s, precision farming technologies initially developed for arable crop and horticulture, have been adapted for winegrowing and slowly introduced in the European farm machinery market. By introducing equipment choice, increasing taxes are supposed to promote the adoption of precision technology (PT), in addition to convey a reduction in treatment frequency. From model outcomes, we can stress that presently almost half of the winegrowing farms could already invest in basic precision equipment. Some farms even have the capacity to invest in more advanced equipment. The number of farms investing in PT depends however of the model used ( fig.9 and fig.10 in appendix 3). In the best of cases model, farmers are less willing to invest in PT than in other situations with more uncertainty. When we compare the number of treatments with the opportunity to invest or not, we note that investment in PT does not result in a decrease of the number of applications, but on the contrary a slight increase. This however does not imply an increase of the total quantities applied as PT allows savings of pesticides for each application. Model outcomes on practices are summarized in tables 7. Depending of the model used, we can note the following results.
Ad-valorem tax Borderline models
Only less expensive equipments (B and C) are chosen by more than half of the winegrowing farms when tax is set at a 50% rate with preference however given to the basic and cheapest equipment (B). A 100% rate would foster farms to invest in more complicated technologies (C, C + ). In the worst of cases, a larger number of farms adopt precision technology, with preference still given to basic equipment. When farmers have the opportunity to invest in precision technology, increasing tax rate result in a similar reduction of treatments applied. This reduction is nevertheless lower than for the cases when farmer do not have access to precision technology. Reduction reached for the highest tax rate ranges from -9% (worst of cases) to -32% (best of cases). Pesticides savings allowed by these equipments explain the results. With a 100% rate, all farms are shifting from chemical to mechanical weeding. For the taxes simulated, pheromones are never adopted, whatever the rate.
Approximate models
The same effect is observed with the approximate models for the 50% and 100% tax rates with a reduction of -13% (expected value model) and -15% (mean-standard deviation model) for the highest rate of 100%. In this case, all the farms shift from chemical to mechanical weeding. Wait and see A comparable reduction of the number of spraying applications is achieved with an increasing tax rate. When the opportunity to invest in precision technology is given to farmers, reduction of the number of treatments following taxation is more limited in comparison to the cases when only standard equipment is considered.
Volume based tax
Trends are similar to the outcomes of the ad valorem tax with a slight decrease or even no change of the number of applications. The biggest reduction is obtained with the approximate models (-7%). For the best of cases and the wait and see models, increasing tax has no effect on spraying practices. We can suppose that these models express the lowest possible number of spaying applications that guarantee a good protection against downy mildew. Consequently, increasing the tax rate does not impact the number of treatments.
Tables 7a. Average number of applications with different rate for an ad valorem tax when precision technology opportunity is considered Table 7b . Average number of applications with different rates for a volume based tax when precision technology opportunity is considered
Conclusion
In the modeling of winegrowers' behavior, we made the standard assumption that producers are profit (or utility) maximizers and will use pesticides to the point that the marginal costs equal the marginal benefits (or utility) they provide. If we therefore disregarded possible irrational over-use of pesticides, risk and the preferences towards risk have been on the over hand considered. The simulation outcomes with different types and rates of taxes show that fungicide use is almost indifferent to pesticide price increase. It confirms the results of many econometric studies that show a low price-elasticity of demand for pesticides in agriculture (Hoevenagel, 1999) . It could then be expected that a tax on pesticides will have only a small short-term impact on reducing the number of treatment against mildews, although creating considerable revenues for governments (which is not the policy objective, although taxes may be earmarked to refund farmers with a lump-sum payment or subsidize precision technology and alleviate the financial burden of investment in fixed-capital).
Our results are in line with previous studies that show that there are few substitutes for pesticides in quality winegrowing producers facing constraints in adjusting their agricultural practices. In the short run, only large pesticide tax rates can alter growers' choices, but high rates may be politically sensitive. The lowest number of applications is logically observed for the Best-case model, i.e. when epidemic pressure is perceived as always low, with weather conditions not favorable to the propagation of the epidemics, conditions that indeed do not occur every year. A good knowledge of the random events (case Worst of cases 2,7 6,3 9,0 -0,02 2,7 6,2 8,9 -0,03 2,5 6,2 8,7 -0,05 Best of cases 3,2 3,0 6,2 0,01 3,3 2,9 6,2 0,00 3,6 2,6 6,2 0,00 E ( Approximate model of the wait and see model) has a significant effect in reducing pesticide use. This advocates the idea that decision making tools could effectively help to reduce the number of treatments in viticulture. Although reduction of spraying applications is not straightforward with precision technology, pesticide savings allowed by these equipments could contribute to reduce spray drift and dispersal of pesticides into the environment as a side-effect.
Indices
Years included in the planning period, where is the present and is the terminal period, if the winegrower doesn't use any herbicide (mechanical weeding) the year and 0 otherwise.
Binary variables:
if the protection against moths is carried out by sexual confusion the year and 0 if it is by herbicides.
Saving realized the year . Fig. 9 Effects of an increasing volume based tax rate on investments in precision technology 
Appendix 3
